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© Hard and lubricant thin film of amorphous carbon-hydrogen-silicon, iron base metallic material 
coated therewith, and the process for producing the same. 

© A hard and lubricant thin film of amorphous carbon-hydrogen-silicon and a process for producing the same. 
The thin film comprises carbon and hydrogen as major components, the balance mainly containing a silicon- 
based material, and it contains diamond-like carbon. The content of hydrogen is from 30 to 50 % by atomic and 
the content of carbon is 70 % by atomic or more with respect to the total composition except hydrogen. 

An iron-based metallic material having the thin film of amorphous carbon-hydrogen-silicon formed thereon 
and a process for producing the same are also provided. The iron-based metallic material is very hard and has a 
small coefficient of friction. 
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HARD AND LUBRICANT THIN FILM OF AMORPHOUS CARBON-HYDROGEN-SILICON, IRON BASE METAL- 
LIC MATERIAL COATED THEREWITH, AND THE PROCESS FOR PRODUCING THE SAME 



BACKGROUND OF THE INVENTION 



1 . Held of the Invention 



75 



20 



25 



5 The present invention relates to a hard amorphous thin film coating (sometimes referred to as simply 
"coating" or "thin film" hereinafter) having lubricity, to an iron-base metallic material having on the surface 
thereof a hard coating of low friction, and to a process for producing the same. More specifically, it relates 
to a hard thin film coating of amorphous carbon-hydrogen-silicon, which is hard and particularly low in 
friction coefficient. It also relates to an iron-base metallic material having on the surface thereof a lubricant 

io amorphous carbon-hydrogen-siHcon, and to a process for producing the same. 

2. Description of the Related Art 

Forming hard coatings of metal carbides and metal nitrides such as vanadium carbide (VC). titanium 
carbide (TiC), and titanium nitride (TiN) on the surface of iron base materials used as tools and metal molds 
by salt bath immersion method, chemical vapor deposition(CVD), physical vapor deposition (PVD) and the 
like, is well known. It is practiced in the art of forming thin films and surface-treating iron base materials with 
the* purpose to improve resistances against abrasion and seizure. Those coatings generally are hard and 
have a Vicker's hardness, Hv, of from 2,000 to 3,000, however, the coatings themselves are not lubricant 
and the friction coefficient thereof is not so tow (from about 0.2 to 0.8, in friction against steel, without 
applying a lubricant). Accordingly, the sliding resistance in the presence of a counter material increases and 
causes wear loss to occur on the surface of the coating on one hand, while induces damage on the surface 
of the counter material on the other. This has therefore constituted a problem yet to be solved. 

Concerning lubricant thin film coatings, there is also known thin films of amorphous carbon produced by 
a process such as plasma-assisted decomposition of hydrocarbon gases. This type of thin film possesses a 
friction coefficient as low as 0.01. and therefore its practical application to sliding members appears 
promising. Such favorable amorphous carbon films are, however, structurally unstable, and their tribological 
properties are subject to atmospheric conditions under which the films are being used. More specifically, it 
has been a problem in such films that they easily increase their friction coefficient to a high 0.2 in case of 
30 using them in air. 

There is proposed, accordingly, a measure to solve the aforementioned problems, which comprises 
incorporating additional metals to carbon coatings to thereby stably obtain a friction coefficient of 0.1 or 
lower against steel in ambient atmosphere (USP 4,525,417). It is reported that a low friction coefficient of 
0.07 is obtained in carbon films containing from 5 to 20 % by atomic of silicon, however, a value as low as 
35 0.05 or less, e.g., 0.03 and 0.04, has not yet achieved. 

A friction coefficient of 0.1 or lower is indeed a low value if compared as an absolute value, but 
considering reducing the value from 0.07 to 0.03. it can be easily realized that the coefficient is halved, and 
therefore the reacting force incorporated therein is also reduced to a half, ft is therefore, a great matter 
concerning the practical application of lubricant films. In the aforementioned process, anyhow, it was not 
40 possible to obtain a film having a friction coefficient as low as 0.05 or less. 

It has been recently reported a method of forming a diamond-like hard carbon coating having an Hv as 
high as 10000. This film is therefore excellent -if only hardness is to be concerned. On the other hand, the 
film , is so hard that it requires a very smooth surface, since any irregularity on the surface can easily 
damage the counter material, and this in turn has become a problem. It is not possible in the state of art to 
45 form a smooth and uniform film, nor is easily obtained a smooth surface by post treatment of the film such 
as polishing. Accordingly, practical application of those films to sliding members has been a problem of 
those films. It is also a problem of those films that they can achieve a friction coefficient of 0.1 even on 
smooth surfaces at best, which is a value one order higher as compared with those of amorphous carbon 
films. 

so It is further reported a process for forming amorphous silicon carbide films. Such films have a hardness 
Hv of about 2,000 and a low friction coefficient of about 0.1, but it is also reported that those properties are 
easily impaired with deviation in the composition of the film from a stoichiometric value (See Thin Solid 
Films, Vol. 139(1986), p.275, and Japanese Patent Publication (unexamined) No. 184681/1985). 
There further is known a method which comprises applying solid lubricants such as molybdenum 
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sulfide (M0S2) and graphite to thereby improve lubricating properties. Such method may yield a tow friction 
coefficient of 0.05 or lower depending on conditions, however, it also had a problem concerning its 
durability, since the coated layer is apt to fall off or to be abraded in its use for a long period of time. 

Furthermore, aforementioned carbon-based films and silicon carbide films suffered low adhesibility with 
5 iron-based materials. 

SUMMARY OF THE INVENTION 

In the light of aforementioned circumstances, the present inventors intensively and extensively con- 
70 ducted studies and systematically performed experiments to solve the problems associated with the prior 
art, and as a result achieved the present invention. 

An object of the present invention is. therefore, to provide a hard thin film of carbon-hydrogen-silicon 
film having high hardness and a considerably low friction coefficient. 

The present inventors, in the light of the aforementioned problems of the prior art processes, have 

75 noted points as follows: 

First of all, the coating should be based on carbon to obtain a hard coating low in friction coefficient. 
This is based on the reported fact that the carbon-based film can on one hand yield a hard film if it is 
diamond(-like) and a lubricant film on the other if it is based on graphite or an amorphous carbon. It is not 
possible, however, to obtain satisfactorily a carbon- based coating by applying a prior art process for 

20 forming ' an amorphous carbon film, which comprises simply a process of low temperature plasma 
decomposition of carbon gas. Furthermore, the carbon-based coating thus obtained is not sufficiently hard 
and can only yield a low Hv of 1000. Accordingly, it was attempted to modify the process in such a way 
that the compositional system of the coating be such containing silicon, so that the film formation may be 
accelerated even under a condition in which carbon singly would not fully develop into a film and that the 

25 film thus obtained be sufficiently hard. Furthermore, the composition of the film as well as the bonding state 
of carbon were carefully controlled, since it is believed that the friction coefficient of the coating depend on 
the carbon content, bonding state of the carbon, and the hydrogen content as well. As a result, a hard 
amorphous coating low in friction coefficient composed of carbon-hydrogen-silicon which contains diamond- 
like carbon has been obtained, which comprises both advantages, i.e. lubricity attributed to amorphous 

30 carbon (in this case, diamond-like carbon), and hardness characteristic of diamond-like carbon and silicon 
carbide. 

The hard and lubricant thin film of amorphous carbon-hydrogen-silicon according to the present 
invention is characterized by that it is an amorphous thin film comprising carbon and hydrogen as the major 
components and contains a diamond-like carbon, which comprises from 30 to 50 % by atomic of hydrogen 
35 and the rest comprising 70 % by atomic or more of carbon, with the rest comprising silicon-based material 
as the major component. 

The hard thin film of amorphous carbon-hydrogen-silicon according to the present invention has a high 
hardness and an extremely low friction coefficient. 

It is not sufficiently made clear why the hard thin film of amorphous carbon-hydrogen-silicon according 
40 to the present invention exerts such favorable effects, but the possible mechanism may be explained as 

follows. , , 

That is, in the surface layer of the hard thin film of amorphous carbon-hydrogen-silicon according to the 
present invention, both the diamond-like material in the amorphous carbon and the silicon carbide formed 
from silicon with carbon contribute to the formation of a surface layer high in hardness. Further concerning 

45 the low friction, diamond-like material itself has a low friction coefficient of from about 0.1 to 0.2. and this is 
further lowered by the formation of silicon oxide (Si0 2 ) ascribed to the so-called "lubricity ascribed to 
contamination". That is, Si0 2 was detected on the surface of the steel against which the thin film according 
to the present invention was applied for a friction and wear test, and combining this fact with the known 
effect of an Si0 2 thin film on lowering friction coefficient to a relatively low value of about 0.2 by adsorbing 

50 gas or the like, it can be concluded that the synergetic effect of both leads to decreasing friction coefficient 
to a low value of 0.05 or less. In such circumstances, hydrogen further contributes to the lowering of friction 
coefficient, by being incorporated in the formation of the surface Si0 2 as well as in the adsorption of a gas. 
The hard thin film of amorphous carbon-hydrogen-silicon of the present invention is realized accordingly, 
which is characterized by its high hardness and an extremely low friction coefficient. 



55 



BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a schematic figure of a plasma-assisted chemical vapor deposition (PACVD) apparatus used 
in the Examples 1 to 6 according to the present invention; 



3 



EP 0 435 312 A1 

Figure 2 shows the laser Raman spectra of the thin films obtained in Example 1 according to the present 
invention and Comparative Example 1; 

Figure 3 shows the laser Raman spectra of the thin films obtained in Examples 2 and 3 according to the 
present invention and in Comparative Examples 2 to 5; 
5 Figure 4A shows the relationship between the friction coefficient of the thin films obtained in Examples 1 
to 3 according to the present invention and those obtained in Comparative Examples 2 to 5, to the 
carbon content of the thin film excluding hydrogen; 

Figure 4B shows the relationship between the friction coefficient of the thin films obtained in Comparative 
Example 1 and those obtained with carbon-hydrogen-titanium, and the carbon content of the thin film 
70 excluding hydrogen; and 

Figure 5 shows the laser Raman spectra of the thin films obtained in Example 4 according to the present 
invention and in Comparative Example 8. 
DETAILED DESCRIPTION OF THE INVENTION 

75 The hard and lubricant thin film of amorphous carbon-hydrogen-silicon according to the present 
invention is characterized by that it possesses a high hardness and a low friction coefficient of 0.05 or less, 
and by that it is an amorphous thin film comprising carbon and hydrogen as the major components and 
contains a diamond-like carbon, wherein the amorphous thin film comprises from 30 to 50 % by atomic of 
hydrogen and the rest comprises 70 % by atomic or more of carbon with the rest comprising a silicon- 

20 based material as the major component. 

The amorphous thin film according to the present invention should comprise 70 % by atomic or more of 
carbon with respect to the total composition exclusive of hydrogen, to thereby obtain a low friction layer 
wherein a sufficient amount of diamond-like carbon is formed in the coating, which makes it possible to 
achieve a friction coefficient as low as 0:05 or less. It should be noted that this coating layer, though it is a 

25 hard layer with an Hv of 2000 or higher, remains high in friction coefficient if the carbon content with 
respect to the total composition exclusive of hydrogen is lowered to from 50 % to 60 % by atomic, yielding 
a value of from 0.4 to 0.5, which is comparable to that of a sintered SiC. With increase in carbon content to 
over 60 % by atomic, diamond-like carbon is also increased in, accompanied by abrupt drop in the friction 
coefficient 

30 It is preferred that the amorphous thin film according to the present invention preferably contains from 
75 % to 90 % by atomic of carbon with respect to the total composition except hydrogen. With a carbon 
content of 75% by atomic or higher, a layer having not only a low friction coefficient of about 0.03, but also 
an extremely low initial friction is obtained. With a carbon content of over 90 % by atomic, i.e., with a silicon 
content of less than 10 % by atomic, however, the resulting film is less hard and is increased in friction 
35 coefficient due to the reduced effect on accelerating diamond formation, which in turn tends to increase the 
friction coefficient. Furthermore, the formation of the aforementioned S1O2 is also reduced that the 
lubricating effect is further lowered. 

Hydrogen content of the hard thin film of amorphous carbon-hydrogen-silicon of the present invention 
was confirmed to be in the range of from 30 to 50 % by atomic by methods such as combustion analysis. 
40 This hard thin film having a low friction coefficient of about 0.05 was heated in vacuum at 600 " C for 1 hour 
to remove hydrogen, to see increase in the friction coefficient to about 0.1, thus confirming the contribution 
of hydrogen in improving lubricity. 

The hard thin film of amorphous carbon-hydrogen-silicon of the present invention comprises a diamond- 
like carbon having a characteristic structure as seen in its laser Raman spectra yielding a broad Raman 
45 band at ca. 1550 cm- 1 with a shoulder band at ca. 1400 cm- 1 . 

It is preferred that the hard thin film of amorphous carbon-hydrogen-silicon according to the present 
invention has a thickness of from about 0.5 to 10 pm. If it is less than 0.5 P m in thickness, the advantageous 
properties as a surface coating layer is not fully exhibited; if it exceeds 10 jim in thickness, on the other 
hand, unfavorable peeling off or the like occurs. The film layer may contain chlorine (CI), so far as it does 
50 not impair the effects intended in the present invention. The amorphous thin film is very smooth on the 
surface, and in case it is deposited on a base, the resulting thin film almost faithfully reflects the surface 
roughness of the underlying base. 

The hard thin film of amorphous carbon-hydrogen-silicon according to the present invention has an 
extremely low friction coefficient of 0.05 or less, and can therefore suitably applied to sliding members 
55 where lubricant cannot be applied. Its superiority in hardness also makes it suitable to applications such as 
tools and metal molds to which conventional hard-facing treatments or coatings had been applied. 
Furthermore, its excellent corrosion resistance and low reactivity and wettability enables its application to 
appropriate uses where such properties are required. 
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Now the process for producting the hard and lubricant thin film of amorphous carbon-hydrogen-silicon 
according to the present invention is shown below referring to a specific embodiment. 

First; the object to be coated is placed in a vacuum vessel for use in the plasma-assisted CVD to wh,ch 
a gas mixture comprising a gaseous silicon compound and a gaseous carbon compound as the major 
components is introduced, and by discharge in the specially prepared gas atmosphere for film deposition, a 
hard and lubricant thin film of amorphous carbon-hydrogen-silicon according to the present invention .s 
obtained on the surface of the object as desired. 

In the aforementioned process for forming the hard and lubricant amorphous film according to the 
present invention, the object to be coated is first placed on the table provided in the vacuum vesse and the 
inside of the vessel is evacuated to remove the remaining gas. to a vacuum of. for example. 1x10 Torr 

° f IO The r n. under continuous evacuation, heating gas such as hydrogen <H 2 ) is introduced and the discharge 
affected is using, for example, direct current (dc). high frequency, or the like, so that the temperature of he 
object to be coated be elevated to a predetermined temperature by the plasma energy. Preferably, the 
object to be coated is heated to about 500 ' C from the viewpoint of reducing unfavorable impurities such 
as chlorine (CI), to thereby obtain a surface coating having a favorable film quality not deteriorated by 

' mP Di2harge is then effected in a specially prepared gas atmosphere for film deposition comprising a 
gaseous silicon compound and a gaseous carbon compound as the major components so that the 
amorphous thin film coating may be deposited and grown on the surface of the object The specially 
prepared gas for use in this process comprises an atmospheric gas and a reactive gas. The latter serves as 
the starting material for the film. The atmospheric gas may be the commonly used gases such as hydrogen 
<H 2 ) and argon (Ar). and the reactive gas may be gases of silicon compounds, gases of carton compounds, 
and hydrogen. The gases of silicon compounds may be those of silicon tetrachlonde (S.CU). silicon 
tetrafluoride (SiR). trichlorosilicon (SiHCls). and tetramethylsilicon [TMS. Si(CHs)*]. The gases of carbon 
compounds may be methane (CH*) and other hydrocarbon gases (C m H n ). The composition of the specially 
prepared gas for film deposition is properly determined depending on the staring gas. deposition 
temperature, and other conditions, and the total flow rate of the gas is selected taking balance between the 
volume of the vacuum vessel and the amount of exhaust gas. A representative gas composition using S.CU 
as the gaseous silicon compound and CH* as the gaseous carbon compound is. by flow ratio taking the 
amount of SiCU as a unit, from 5 to 50 of CH*. from 50 to 500 of H 2 . and from 30 to 300 of Ar. In cases 
wherein decomposition of the gaseous carbon compounds is more accelerated by the incorporation of more 
reactive gaseous carbon compounds such as acetylene (C 2 H 2 >. or by the application of a higher deposition 
temperature or plasma energy, the amount of the gaseous carbon compound relative to that of the gaseous 
silicon compound can be reduced. Further it is possible to control the hydrogen content of the coating film 
by varying the flow rate of hydrogen gases. 

It is preferred in the process according to the present invention to control the pressure of the vacuum 
vessel in the range of from 1(T» to 10 Torr. Particularly preferred in the dc discharge process is to control 
the pressure in the range of from 10- to 10 Torr, and in the high frequency discharge process is preferred 
40 to control the pressure in the range of from 10"* to 10 Torr. If the pressure is selected from the range out of 
that aforementioned, the discharge becomes unstable and therefore not preferred. 

Thus the hard thin film of amorphous carbon-hydrogen-silicon having an extremely low friction 
coefficient according to the present invention can be readily obtained following the process set forth above. 
Concerning the mechanism of the effect exhibited by the hard and lubricant thin film of amorphous 
45 carbon-hydrogen-silicon according to the present invention, a possible explanation though not fully made 
clear, is given below. In the step of depositing the hard and lubricant thin film of amorphous carbon- 
hydrogen-silicon by plasma-assisted CVD in a specially prepared gas atmosphere for film deposition 
comprising a gaseous silicon compound and a gaseous carbon compound as the major components, the 
thin film formation proceeds in a thermal nonequilibrium state that as a result a th.n film surface layer of 
so amorphous carbon-hydrogen-silicon having low friction is readily obtained at a low temperature. Further in 
this step, carbon and silicon are simultaneously deposited that a diamond-like carbon phase can be 
obtained instead of a graphite phase comprising, stably bonded carbon atoms. This is believed to be 
ascribed to the preference of a 4-coordinate bonding (diamond bonding) of the carbon atom in correspon- 
dence with the 4-coordinate bonding of the silicon atom. In this way it is readily realized a hard coating 
55 layer having a low friction coefficient on the surface of the object. 

Then, the process of the present invention which is suitable for producing the hard and lubricant thin 
film of amorphous carbon-hydrogen-silicon is explained below. 

The process according to the present invention which is suitable for producing the hard and lubricant 
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thin film of amorphous carbon-hydrogen-silicon comprises steps of: placing the object to be coated in the 
plasma reaction chamber; evacuating the remaining gas from the reaction chamber; introducing a heating 
gas inside the chamber and simultaneously heating the surface of the object to a predetermined 
temperature at which the vapor deposition is to be effected; and uniformly depositing on the object and 
growing thereon a hard thin film of amorphous carbon-hydrogen-silicon, by controlling the inside at- 
mosphere of the reaction chamber to realize a specially prepared gas atmosphere for deposition, ejecting a 
reactive gas mixture for film deposition from the gas-jet chamber to the reaction chamber and causing 
discharge therein; the reactive gas mixture comprising a gaseous silicon compound and a gaseous carbon 
compound in a ratio of flow rate of from 1 5 to 1:50. 

The present invention further provides an iron-based metallic material having on the surface thereof a 
hard thin film coating of amorphous carbon-hydrogen-silicon, and a process for producing the same. 

The iron-based metallic materia] having on the surface thereof a hard thin film coating of amorphous 
carbon-hydrogen-silicon according to the present invention comprises on the surface thereof a coating layer 
which is very hard, has an extremely low friction coefficient, and has an excellent adhesion strength to the 
metallic material. 

The present inventors have noticed the role of the carbon atom which is present both in the iron-based 
metallic material and in the coating layer, and achieved improvement in the adhesion strength of the coating 
to the metallic material by coating the metallic material with a carbon compound of iron or other metals. 
This avoids deterioration in adhesion strength of the coating to the metallic material ascribed to the direct 
contact of the two, since the coating film of a carbon- or silicon carbide-based material is highly reactive 
with the iron-based metallic material and in a thermal equilibrium state, the both in contact is energetically 
unstable. 

The aforementioned iron-based metallic material having on the surface thereof a hard and lubricant thin 
film coating of amorphous carbon-hydrogen-sificon according to the present invention is composed of a 
base of iron or an iron alloy material, a metal-carbon compound layer formed on the surface of the base, 
and an amorphous thin film based on carbon formed on the surface of the metal-carbon compound layer, 
wherein the amorphous thin film being such comprising carbon-hydrogen-silicoh thin film containing 
diamond-like carbon, which comprises from 30 to 50 % by atomic of hydrogen and the rest comprising 70 
% by atomic or more of carbon with the rest comprising a silicon-based material as the major component. 

The aforementioned iron-based metallic material according to the present invention comprises on the 
surface thereof a hard and lubricant coating layer which is very hard, has an extremely low friction 
coefficient, and has an excellent adhesion strength to the base. 

Concerning the mechanism of the effect exhibited by the aforementioned iron-based metallic material 
according to the present invention, a possible explanation though not fully made clear, is given below. 

First of all, there should be recalled the possible mechanism for the deposition of the hard thin film of 
carbon-hydrogen-silicon having extremely low friction coefficient from the statements set forth above. 
Furthermore in the iron-based metallic material of the present invention, an additional interlayer of a carbon 
compound of iron or of another metal is incorporated between the base and the surface thin layer of 
carbon-hydrogen-silicon by taking advantage of the common constituent, i.e.. carbon, to realize a structure 
wherein direct contact of the surface layer with the iron-based metallic base is avoided. By such a structure 
is it only possible to combine the base with the thin surface layer of carbon-hydrogen-silicon which is 
energetically unstable in a thermal equilibrium state. Further advantageous point is that the interlayer has an 
excellent adhesion strength with both the bgase and the surface layer. This results in a further enhanced 
adhesibility between the surface layer and the base. 

In the iron-based metallic material having on the surface thereof a hard coating layer low in friction 
coefficient according to the present invention, the base is not particularly restricted as far as it is an iron- 
based metallic material comprising iron or an iron alloy material, and included therein are those containing 
carbon, such as carbon steel, alloy steel, cast iron, and sintered alloy. Also included are those very low in 
carbon content, such as pure iron. 

The metal-carbon compound layer incorporated as an interlayer on the surface of the iron-based 
metallic material base in the material according to the present invention comprises a carbon compound of 
iron or other metals. This metal-carbon compound layer avoids direct contact of the surface carbon- 
hydrogen-silicon layer with the base, and at the same time has good adhesion strength with both the base 
and the surface layer by taking advantage of the anchoring effect of the common component carbon. 
Accordingly, there can be used any metal-carbon compound irrespective of the material, structure, and 
composition, provided that it plays the aforementioned role as the interlayer. There can be mentioned, 
accordingly, compounds of not only iron, but also vanadium (V). titanium (Ti), chromium <Cr), niobium (Nb), 
tungsten (W), molybdenum (Mo), and tantalum (Ta). The metal-containing carbon compound layer is 
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incorporated at a thickness which sufficiently avoids direct contact of the surface layer of carbgon- 
hydrogen-siiicon with the underlying base; specifically, it is provided at a thic ^^^ 
the case of incorporating a rnetal-containing carbon compound layer having a moderate hardness such as 
Sat^an r^Sning carbon compound, more preferred is to provide the interlayer at a thickness of 
tali 0 1 to r,m The metal-containing carbon compound .ayer may additionally contain nitrogen so far as 

•JoremenfeMd metaliarbon compound layer, which is the same as the hard thin film of amorphous 
c^hydragen-silicon set forth above. The carbon-hydrogen-silicon thin film is charactenzed by that ,t ,s 
atrd Sous thin fifm having an extremely low friction coefficient of COS. which ~"P"~^ 
hvdrooen as the major components and contains a diamond-like carbon. sa,d amorphous th.n film 
comprising tarn 30 to 50 % by atomic of hydrogen and the rest comprising 70 % by atomic or more of 
carbon with the rest comprising a silicon-based material as the major component. 

^eTon-based metaHic materia, having on the surface thereof a hard and lubricant coating ayer 
accoTdfng to the present invention has such a low friction coefficient of 0.05 or less that ,t car, be surtab.y 
appKed to sliding members where lubricant cannot be applied. Its superiority in hardness also makes , 
Stable to applications such as too.s and metal mo.ds to which conventional hard-facing MMrteor 
coatings had been applied. Furthermore, its excellent corrosion resistance and low reactivity and wettability 
enables its application to appropriate uses where such properties are required. 

T^en a suable process according to the present invention for producing the iron-based metallic 
materials having on the surface thereof a hard surface layer low in friction coefficient is desenbed below 

C-i according to the present invention which is suitable for producing ar • 
material having on the surface thereof a hard and lubricant layer comprises steps of. coating the object 
made of an iron material or an iron alloy material with a metal-carbon compound layer; and forming a hard 
os Turtace layer low in friction coefficient on the resulting object coated with a metal-containing carbon 
compound by plasma-assisted CVD. said step comprising depositing a thin film of amorphous carbon- 
hydrogen-silicon by applying discharge to a specially prepared gas atmosphere compns.ng a mixture of a 
gaseous silicon compound and a gaseous carbon compound. ^ a «s^ e ht 
The process according to the present invention provides a hard surface layer low in friction coefficient 
on the surface of the base, said layer is very hard, has an extremely low friction coefficient, and has an 

excellent adhesiblllty to the base. 

Concerning the mechanism of the effect exhibited by the aforementioned process according to the 
present invention for producing the iron-based metallic material, a possible explanation though not fully 

ma tte W proctraccSding to the present invention for producing an iron-based metallic materia, having 
on the surface thereof a hard layer low in friction coefficient, the iron-based metallic material, which is the 
object to be treated, is first coated with a metal-carbon compound layer. Such a coating serves as an 
Sayer avoiding direct contact of the object with the carbon-hydrogen-silicon thin film surface layer smce 
Ta thermal equilibrium state the coexistence of both are energetically unstable; yet the interlayer itsetf has 
favorablTadhesion strength to both and binds them together, taking advantage of the anchonng effect of the. 

carbon contained in both object and the surface layer. . . . 

Then, on the resulting object coated with the metal-containing carbon compound layer is formed a hard 
surface layer low in friction coefficient by plasma-assisted CVD, said step comprising depositing a hard and 
fubricant thin film of amorphous carbon-hydrogen-silicon by applying discharge to a specially prepared gas 
4S atmosphere based on a mixture of a gaseous silicon compound and a gaseous carbon compound In this 
step a thin film of amorphous carbon-hydrogen-silicon low in friction coefficient is readily obtained at a low 
temoeratore since employed here is a plasma-assisted CVD which enables deposition of films under a 
Z™*™sS*nlL. Further in this process it is possible to provide diamond-like «^nh*£ 
ofTgraphite phase having a stable carbon bonding, by simultaneously depositing carbon with silicon. Th.s 
so is believed to be ascribed to the preference of a 4-coordinate bonding (diamond bondmg) of the carbon 
atom in correspondence with the 4-coordinate bonding of the silicon atom. In th.s way it s read, ly ■realized a 
heri ceetfna layer having a low friction coefficient on the surface of the iron-based matenal with excellent 
adhesibility. by incorporating therebetween an iron-containing carbon compound layer. 

In the process according to the present invention for producing an iron-based metallic matenal hav.ng 
ss on the surface thereof a hard and lubricant layer comprises first a step of coating the object made o an iron 
material or an iron alloy material with a metal-carbon compound layer (i.e. step for forming a metal-carbon 

COT The n step torforming a metal-carbon compound layer provides an interlayer to be incorporated between 



30 



35 



40 



7 



EP0 435 312 A1 



the object to be treated and the thin film surface layer of carboh-hydrogen-silicon layer, which has excellent 
adhesibility to both the object and the overlying thin film surface layer. This interlayer which enhances 
adhesibility can be formed irrespective of the processes, and specifically mentioned are low-temperature 
plasma carburization and coating methods for forming metal-carbon compound layers. 

Among the processes mentioned above, low-temperature plasma carburization is advantageous in that 
the process can be carried out in the same plasma reaction chamber which is used in the subsequent step 
for forming a hard and low friction layer. Furthermore, since this plasma carburization is carried out at a 
relatively low temperature (ca. 550 * C) as compared with the ordinary plasma carburization (ca. 900 * C) 
effected with the purpose of forming a carbon-diffusion layer, the layer resulting from this particular plasma 
carburization is a thin layer composed of an iron carbon compound with most of the carbon still remaining 
in the surface layer. It should be noted that such a layer formed by plasma carburization at a low 
temperature is itself not practical, and is not employed in general. More specifically, this plasma carburiza- 
tion process at a low temperature comprises forming a thin iron-containing carbon compound layer on the 
surface of the object by generating a dc or high frequency plasma under an atmosphere containing a 
gaseous carbon compound. The cold plasma carburization process is also advantageous in the point that 
there is no need of supplying an additional metal, since an iron carbon compound is directly formed on the 
surface of the object by direct bonding of the iron contained in the object with carbon. In short, an interlayer 
which improves the adhesion strength of the object with the surface layer can be incorporated by supplying 
only a carbon source. 

In the step of depositing a metal-carbon compound layer on the surface of a iron-based metallic 
surface, processes such as salt bath immersion method, chemical vapor deposition (CVD), physical vapor 
deposition (PVD), and plasma-assisted CVD can be applied. In the case of applying a plasma-assisted CVD, 
the same reaction chamber as used in the subsequent step for forming the hard and low-friction surface 
coating layer can be used. Among the processes mentioned above, plasma-assisted CVD as well as PVD 
can be carried out at a low temperature. This is an advantageous point, since the subsequent step for 
forming the hard and low-friction surface coating layer (i.e., the step for forming a thin film of carbon- 
hydrogen-silicon layer) should be effected at a low temperature, the pretreatment preferably is carried out 
also at a low temperature. 

The next step comprises forming a hard and lubricant thin film of amorphous carbon-hydrogen-silicon 
as a surface layer on the object formed thereon the metal-carbon compound layer (i.e. step for forming a 
hard and low-friction surface layer). Specifically, the objedt coated with the aforementioned metal-carbon 
compound layer is subjected to a plasma-assisted CVD by applying discharge in a specially prepared 
atmosphere comprising a gaseous silicon compound and a gaseous carbon compound. 

In this step for forming a hard and low-friction surface layer, the object to be coated is first placed on 
the table provided in the vacuum vessel, and the inside of the vessel is evacuated to remove the remaining 
gas, to a vacuum of, for example, 1 x 10" 4 Torr or lower. 

Then, under continuous evacuation, heating gas such as hydrogen (H 2 ) is introduced and discharge is 
effected using, for example, direct current (dc). high frequency, or the like, so that the temperature of the 
object to be coated be elevated to a predetermined temperature by the plasma energy. Preferably, from the 
viewpoint of reducing unfavorable impurities such as chlorine (C I) and to thereby obtain a surface coating 
having a favorable film quality not deteriorated by impurities, the object to be coated is subjected to high- 
temperature tempering, wherein the object is heated up to a limit just below the temperature at which the 
softening of the steel begins. 

Discharge is then effected in a specially prepared gas atmosphere for film deposition comprising a 
gaseous silicon compound and a gaseous carbon compound as the major components, so that an 
amorphous thin film coating may be deposited and grown on the surface of the object. The specially 
prepared gas for use in this process comprises an atmospheric gas and a reactive gas. The latter is the 
starting material for the film. Examples of the atmospheric gas include the commonly used gases such as 
hydrogen (H 2 ) and argon (Ar), and examples of the reactive gas include gases of silicon compounds, gases 
of carbon compounds, and hydrogen. Examples of the gases of silicon compounds include those of silicon 
tetrachloride (SiCU). silicon tetrafluoride (SiF*), trichlorosilicon (SiHCl 3 ), and tetramethylsilicon [TMS, Si- 
(CH 3 )i]. Examples of the gases of carbon compound include methane (CH 4 ) and other hydrocarbon gases 
(C m H n ). 

The composition of the specially prepared gas for film deposition is properly determined depending to 
the starting gas. deposition temperature, and other conditions, and the total flow rate of the gas is selected 
taking balance between the volume of the vacuum vessel and the amount of exhaust gas. A representative 
gas composition using SiCU as the gaseous silicon compound and CrU as the gaseous carbon compound 
is, by flow ratio taking the amount of SiCU as a unit, from 5 to 50 of CrU, from 50 to 500 of H 2 , and from 
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30 to 300 of Ar. In cases wherein decomposition of the gaseous carbon compound is more accelerated by 
the incorporation of more reactive gaseous carbon compounds such as acetylene (C 2 H 2 ). or by the 
applicatin of a higher deposition temperature or plasma energy, the amount of the gaseous carbon 
compound relative to that of the gaseous silicon compound can be reduced. 

It is preferred in the process according to the present invention to control the pressure of the vacuum 
vessel in the range of from 10~ 2 to 10 Torr. Particularly preferred in the dc discharge process is to control 
the pressure in the range of from 10" 1 to 10 Torr. and in the high frequency discharge process is preferred 
to control the pressure in the range of from 10" 2 to 10 Torr. If the pressure is selected from the range out of 
that aforementioned, the discharge becomes unstable and therefore not preferred. 

In the step for forming a hard and low-friction surface layer, a favorable process for forming a hard and 
lubricant thin film of amorphous carbon-hydrogen-silicon on the surface of the object comprises steps as 
follows : placing the object to be coated in the plasma reaction chamber; evacuating the remaining gas from 
the reaction chamber; introducing a heating gas inside the chamber while simultaneously heating the 
surface of the object to a predetermined temperature at which the vapor deposition is to be effected; and 
uniformly depositing on the object and effecting growth thereon, a hard thin film of amorphous carbon- 
hydrogen-cilicon. by controlling the inside atmosphere of the reaction chamber to realize a specially 
prepared gas atmosphere and simultaneously ejecting a reactive gas mixture for film deposition from the 
gas-jet chamber to the reaction chamber and causing discharge therein; the reactive gas mixture compris- 
ing a gaseous silicon compound and a gaseous carbon compound in a ratio of flow rate of from 1:5 to 1:50. 

(EXAMPLES) 

The present invention is described in further detail referring to non-limiting examples. 
EXAMPLE 1 

On the surface of a high speed steel material was formed a thin film of amorphous carbon-hydrogen- 
silicon by plasma-assisted CVD. The resulting material was then subjected to performance evaluation tests. 
In Fig. 1 is given a schematic figure of the apparatus used for carrying out plasma-assisted CVD on the 
object material. . 

First, five disk specimens [13] of a high speed steel (JIS SKH 51. denoted specimen No. 1) each 20 
mm in outer diameter and 10 mm in thickness, were mounted on a table [12] provided at the center of a 
plasma reaction chamber [11] made of a stainless steel. The specimens were arranged in such a way that 
each were placed in a 60-mm distance from the center of the table [12]. Inside the support [14] of the table 
[12] is installed a pipe (not shown in the figure) through which a cooling water is passed. 

Then, after air-tight sealing the plasma reaction chamber [11]. the inside thereof was evacuated through 
a gas exhaust pipe [15] connected to the vacuum pump, by operating a rotary pump (not shown in the 
figure) and an oil diffusion pump (not shown in the figure) provided to the vacuum pump, to thereby reduce 
the remaining gas pressure to 1 x 10~ 4 Torr. The gas inlet is connected with a pipe [16] to gas bombs (not 
shown in the figure) via control valves (not shown in the figure). 

After reducing the inner pressure of the reaction chamber to 1 x 10" 4 Torr. hydrogen gas was 
introduced therein as the heating gas. and the pressure inside the reaction chamber [11] was controlled by 
simultaneous evacuation to maintain the pressure to 1 Torr. At this point was the dc discharge ignited to 
initiate ion-bombardment, by applying a dc voltage of about 500 to 600 V between a stainless steel made 
anode plate [17] installed inside the reaction chamber [11] and a cathode (the table) [12]. to thereby elevate 
the surface of the specimens to 550 °C. The dc power supply circuit in this process controls the 
temperature of the specimens to maintain a constant value. This circuit is composed of the anode [17] and 
the cathode [12]. which is power-controlled by the input from the two-color pyrometer (not shown in the 
figure). 

Into the reaction chamber were then introduced gaseous silicon tetrachloride (SiCU). methane gas 
(CH0. hydrogen gas (H 2 ). and argon gas (Ar) at the flow rate of 3. 50, 1.000, and 700 mi/minute, 
respectively, so as to realize therein a specially prepared atmosphere for thin film deposition 4 Torr in total 
pressure. Under such atmosphere was the chemical vapor deposition carried out by applying dc discharge 
for 1 hour while maintaining the specimen temperature to 550 C. 

Upon completion of the chemical vapor deposition, the discharge was turned off. and the specimens 
after cooling under a reduced pressure (about 10~ 3 Torr) were taken out from the reaction chamber [11] to 
find black colored layers formed on the surface thereof. 

The black-colored layer of the specimens was then subjected to X-ray diffraction (XRO) for phase 
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identification. No diffraction peaks other than those assigned to the initial specimen were observed in the X- 
ray pattern, and therefore the black-colored layer was identified to be an amorphous phase. EPMA yielded, 
with respect to the total composition exclusive of hydrogen, a carbon content of 77 % by atomic, with the 
rest being mainly silicon accompanied by a trace amount of chlorine and the like. Laser Raman 
spectroscopy gave results as shown in Hg. 2. In the figure, the curve marked with "1 w is the spectrum of 
the specimen used in the present Example. From Fig. 2 it can be seen that a diamond-like carbon is 
obtained, from the characteristic spectrum having a broad Raman band at around 1550 cm" 1 accompanied 
by a shoulder band at around 1400 cm" 1 . Accordingly, the carbon in the coating layer is identified to be 
mainly present a$ a diamond-like carbon. 

Then, the coaling layer was measured for thickness, hardness, and was further subjected to a friction- 
wear test. The layer thickness was obtained according to a method which comprises observing the cross 
section of the specimen under an optical microscope, and the surface hardness was measured using a 
micro- Vicker's hardness tester under a load of 10 gf. The friction-wear test was conducted according to a 
conventional ball-on-disk testing method, wherein a ball made of a JIS SUJ 2 quench-and-temper material 6 
mm in diameter having a hardness, Hv, of about 800 was slid against the test specimen at a sliding velocity 
of 0J2 m/s for 50 minutes, under a load of 640 gf. The results are given in Table 1 . 

COMPARATIVE EXAMPLE 1 

A plasma-assisted CVD process was carried out in the same manner as in Example 1 . except for using 
gaseous TiCW in the place of gaseous SiCU. A grey-colored surface layer was obtained on the specimens 
as a result. The grey-colored layer was subjected to phase identification by XRD, EPMA, X-ray photoelec- 
tron spectroscopy (XPS), and laser Raman spectroscopy. As a result, the colored layer was identified to be 
a mixture of a crystalline titanium carbide and an amorphous carbon containing, with respect to total 
composition exclusive of hydrogen, 80 % by atomic of carbon, with titanium mainly constituting the rest. 
The amorphous carbon phase was identified to be consisting mainly of a graphite-like carbon. In Fig. 2 is 
given the laser Raman spectrum of the specimen of the present comparative example, which is marked with 
"C1 tt . In Fig. 2 there can be seen that the "C1 n specimen yields a spectrum having broad bands appearing 
at around 1360 cm"* 1 and 1590 cm- 1 , which are characteristic of graphites low in crystallinity (ie-. a 
graphite-like carbon). Then, in the same manner as in Example 1, the coating layer was measured for 
thickness, hardness, and was further subjected to a friction-wear test The results are shown in Table 1 . 



35 


Table 1 


Test Results 


of the Specimens No.] 


L and CI 




Specimen 


Layer 


Hardness 


Friction 


Wear depth 




No. 


Thickness (nm) 


(Hv) 


Coefficient 


(pin) 


40 


1 


2 


2500 


0.03 


0.2 


45 








CI 


2 


500 


0.85* 


■ - i 



50 



55 



Note: * Initially the value was about 0.2; but the surface 
layer wore out in several minutes. 

** Cohesion occurred on the counter material (SUJ 2 ball). 
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From Table 1 it can be seen that the specimen No. 1 according to the present invention has a 
hardness. Hv. of 2500, which is well comparable to a commonly used hard materials such as carb.des and 
nitrides, and yet an extremely low friction coefficient of 0.03. . 

in contrast to specimen No. 1, the comparative specimen CI. obtained '" Comparative Example 1 
suffered early consumption of the surface layer by abrasion. This is ascribed to the low hardness s.nce no 
suffidentTand carbon is formed. In this case, therefore, the friction coefficient .ncreased and mduced 
S on Ihe counter material. The low hardness, i.e.. an Hv of 500. of the specimen C1 .s .n good 
aareement with that of a graphite-like carbon, and the initial friction coefficient of 02 also agrees well w,th 
"r g ene?a.nccepted friction coefficient of a graphite-like carbon. In conclusion, it can be sa,d that ,n . 
coatfng Cr containing amorphous carbon, the tribologica. properties of the ,ayer such as hardness and 
friction properties are mostly determined by the bonding state, i.e., the structure, of the carbon. 

EXAMPLE 2 

A plasma-assisted CVD process was carried out in the same manner as in Example 1. except for 
changing the flow rate for the gaseous SiCU to 5 ml/minute and that for the CH, gas to 80 ml /minute. A 
black^colored surface layer was obtained on the specimens (denoted specimen No 2) as a result The 
b ack-co o ed layer was subjected to phase identification by XRD as in Example 1. to observe no other XRD 
peaks other tha^ those assigned to the initial specimen, and therefore the black-colored layer was .denied 
to be an amorphous phase. EPMA gave, with respect to total composition exclustve of hydrogen 
approximately 80 % by atomic of carbon, with silicon mainly constituting the rest accompanied by a trace 
EETrfitodne and the like. The amorphous carbon phase was also identified by laser Raman 
^ectoscopy to be consisting main.y of a diamond-Hke carbon. In Fig. 3 is given the laser Raman spectmm 
of the specLen of the present Example, which is marked with "2". Then, in the same manner as .n 
Example 1 the coating layer was measured for thickness, hardness, and was further subjected to a. fnction- 
wear test. The results are shown in Table 2. 



EXAMPLE 3 



A plasma-assisted CVD process was effected on a cold-processed die steel, to thereby deposit a thin 
film of amorphous carbon-hydrogen silicon on the surface thereof. The resulting coating layer was subjected 

to performance evaluation tests. . 

First a cold-processed die steel (JIS SKD 11; specimen No. 3) was used for the specimen, wh.ch was 
subjected to the same plasma-assisted CVD as in Example 2. except for introducing 7 rnl/m.nute of 
trichlorosilicon (SiHCl,) as the gaseous silicon compound and 100 ml/m.nute of acetylene (C 2 H 2 ) gas as 
the gaseous carbon compound, while controlling the deposition temperature to 500 C and takrng the 
deposition duration for 0.5 hours. A black-colored surface coating layer was obtained on the specmen as a 

^'"The black-colored layer was subjected to phase identification by XRD. to observe no other XRD i peaks 
other than those assigned to the initial specimen, and therefore the black-colored layer was .dentrfied to be 
an amorphous phase. EPMA gave, with respect to total composition exclusive of hydrogen^ approx.ma ely 
85 % by atomic of carbon, with silicon mainly constituting the rest accompamed by a trace amount of 
chlorine and the like. The amorphous carbon phase was also identified by laser Raman spectroscopy to be 
consisting mainly of a diamond-Hke carbon. In Fig. 3 is given the laser Raman spectrum of the spec.men , of 
the present Example, which is marked with "3". Then, in the same manner as ,n Example 1 
layer was measured for thickness, hardness, and was further subjected to a fnction-wear test. The results 
are shown together in Table 2. 

COMPARATIVE EXAMPLES 2 TO 7 

A plasma-assisted CVD process was carried out In the same manner as in Example 2. except for 
changing the flow rate of the CH* gas to 30 and 40 ml/minute each in Comparative Example 2 and 3. 
respectively, to obtain specimens C2 and C3. A brown-colored surface layer was obtained on the specmen 
C2 and a dark brown-colored surface layer on the specimen C3 as a result. The brown- and dark brown- 
colored layer were each subjected to phase identification by XRD. EPMA. and laser Raman spectroscopy to 
confirm formation of layers containing amorphous silicon carbide as the mam constituent. Each of the 
samples C2 and C3 gave an EPMA result, with respect to total compos.t.on exclus.ve of hydrogen, of 60 /« 
and 68 % by atomic of carbon, respectively. Each of the specimens was also identified by laser Raman 
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spectroscopy, and it was confirmed on specimen C3 that some diamond-like carbon was present, in Fig. 3 
are given the laser Raman spectra of the specimens of the Comparative Examples 2 and 3, which are 
marked with n C2" and "C3", respectively. Then, in the same manner as in Example 1. the coating layer 
was measured for thickness, hardness, and was further subjected to a friction-wear test. The results are 
5 shown in Table 2. 

A plasma-assisted CVD process was carried put in the same manner as in Example 2 t except for 
increasing the flow rate of the CH 4 gas to 150 ml/minute. A slightly blunt black-colored surface layer was 
obtained on the specimens (specimen C4) as a result The black-colored layer was subjected to perfor- 
mance evaluation tests as above, to obtain a composition with respect to total composition exclusive of 

w hydrogen, of 92 % by atomic of carbon, with silicon mainly constituting the rest accompanied by a trace 
amount of chlorine and the like. The coating layer was also identified by laser Raman spectroscopy to 
confirm that it contained a graphite-like carbon, in Fig. 3 is given the laser Raman spectrum of the 
specimen of the present Example, which is marked with W C4". Then, in the same manner as above, the 
coating layer was measured for thickness, hardness, and subjected to a friction-wear test. The results are 

75 shown in Table 2. 

Further as Comparative Examples were prepared a diamond-like carbon coating by ion-plating 
(Comparative Example 5,. specimen C5); a titanium nitride coating by plasma-assisted CVD (Comparative 
Example 6, specimen C6); and a non-treated specimen (Comparative Example 7, specimen C7). Then, in 
the same manner as above, the coating layer was measured for thickness, hardness, and subjected to a 
20 friction-wear test The results are shown together in Table 2. 



Table 2 Test Results for the Specimens 



Specimen 
No. 


Layer 
Thickness ( \xm) 


Hardness^ 
(Hv) 


Friction 
Coefficient 


Wear depthl 
(»im) 


2 


2.5 


2300 


0.03 


0.2 


3 


3 


2000 


0.04 


0.3 


C2 


2.5 


2300 


0.43 


2.0 


C3 


3 


2200 


0.09 


0.4 


I! c4 


3 


1800 


0.12 


0.4 



45 



C5 


2 


5000 


0.15 


0.2 


C6 


2 


2000 


0.58 


1.8 


C7 




800 


0.92 


— * 



55 

Notes * Cohesion occurred on the counter material (SDJ 2 ball). 
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From Table 2 it can be seen that the specimens 2 and 3 obtained in Examples 2 and 3 according to the 
present invention comprise hard thin film coatings having an Hv in the range of from 2,000 to 2,300, well 
comparable to those of the commonly used hard nitrides and carbides, while extremely low friction 
coefficient in the range of from 0.03 to 0.04 is obtained with small wear depth. 

5 In Comparative Example 2 (specimen C2) on the other hand, it can be seen that despite the hardness 

well comparable to those of specimens 2 and 3, the coating is mainly amorphous silicon carbide low in 
carbon content and comprises little diamond-like carbon component, and so exhibits high friction coefficient 
accompanied by increased wear depth. A friction coefficient of 0.43 is a relatively high value comparable to 
that of a sintered SiC ceramic. In Comparative Example 3 (specimen C3), the friction coefficient abruptly 

10 decreases from that of C2 with increasing amount of carbon content ascribed to formation of a diamond-like 
carbon from the excess amount of carbon. In this specimen C3, however, the amount of excess carbon is 
still insufficient, and therefore the friction coefficient and the wear depth are still a little high and yield 0.09 
and 0.4 /im, respectively. Further in Comparative Example 4 (specimen C4), although the carbon content 
with respect to total composition exclusive of hydrogen is as high as 92 % by atomic, they appear to be 

?s present as a graphite-like carbon phase as observed by laser Raman spectroscopy. However, there is a 
possibility that diamond-like carbon may be present in a small amount considering that the sensitivity 
(Raman scattering efficiency) of laser Raman spectroscopy on graphite is 60 times as large as that on 
diamond. The presence of a diamond-like carbon phase is expected from the results given in Table 2, since 
C4 yields a relatively high hardness and relatively fair friction properties, though not so excellent as those of 

20 the Examples. In Comparative Example 5 (specimen C5) yielding a diamond-like carbon coating, a high 
hardness, Hv, of 5,000 is obtained, however, the friction coefficient is also as high as 0.15 and the wear loss 
of the counter material was an order of magnitude higher than those of the specimens 2 and 3. The titanium 
carbide coating of Comparative Example 6 (specimen C6) gives a lower friction coefficient if compared with 
that of a non-treated specimen (C7) of Comparative Example 7. But this friction coefficient is about 15 times 

25 as high as those of specimens 2 and 3. Furthermore, the wear depth also yielded a high value 7 times as 
large as that of the aforementioned specimens 2 and 3. 

It can be seen from the results above that the surface coating layer obtained in Examples 2 and 3 
according to the present invention provide a considerably improved wear resistance as compared with that 
of the coating materials presently employed in the art. 

30 Further comparing specimens 1 to 3 obtained in the Examples according to the present invention, it can 
be seen that the friction coefficients vary in the range of from 0.03 to 0.04. This variation within 30 % 
directly corresponds to the difference in frictional force. Accordingly, friction wear and damage in the sliding 
member is sensitive to the aforementioned difference in the friction coefficient so far as the same friction- 
wear mode is applied/More specifically, as clearly read from Tables 1 and 2, the wear depths vary from 

35 one specimen to another and the wear loss of the counter material differs, in correspondence to the little 
difference in friction coefficient It is therefore preferred that an amorphous thin film coating having a lowest 
possible friction coefficient is used as the sliding member. From the foregoing discussion, it can be seen 
that the amorphous thin film coatings obtained in Examples 1 to 3 according to the present invention give a 
low friction coefficient in the range of from 0.03 to 0.04, and that are therefore far effective than C5 to C7, 

40 yielding friction coefficient in the range of from 0.15 to 0.92. still effective than C3 yielding a friction 
coefficient of 0.09. It should be noted therefore, that the amorphous thin films obtained in Examples 1 and 2 
with friction coefficient of 0.03 are particularly excellent in wear resistance. 

In Fig. 4A are shown the friction coefficient of the specimens 1 to 3 obtained in Examples according to 
the present invention and of the specimens C2 to C5 obtained in Comparative Examples, versus the carbon 

45 content as expressed by % by atomic with respect to total composition exclusive of hydrogen content. 
Together in the figure are plotted values for the thin film coatings obtained in the same manner as in 
Example 1, except for varying the flow rates of gaseous silicon tetrachloride (SiC U), methane (CH*), 
hydrogen (H 2 ), and argon (Ar). The plotted values are given in terms of mean value obtained on 3 
specimens. 

so In Fig. 4B are plotted, as a comparison to above, values of friction coefficient against carbon content of 
specimens obtained in thin film coatings of carbon-hydrogen-titanium, inclusive of that obtained in Com- 
parative Example 1 . From Fig. 4B it can be read that a constant value of 0.2 is obtained as the friction 
coefficient over the carbon content range studied, and in contrast to the case of coatings containing silicon, 
no phenomenon of decreasing the value was observed. From those results, it can be seen that addition of 

55 silicon and the compositional control of the coating play the essential role in obtaining a coating of low 
friction coefficient. 

In addition, similar examinations were conducted using another element having the same diamond 
structure as silicon, 1 .e., germanium, but again no improvement in the friction coefficient could be obtained. 
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EXAMPLE 4 

A plasma-assisted CVD process was carried out in the same manner as in Example 1. except for using 
TMS [Si(CH 3 )4] as the gaseous silicon compound. A black-colored surface layer was obtained on the 
specimens (specimen No. 4) as a result. The black-colored layer was subjected to performance evaluation 
tests as in Example 1, to obtain a composition with respect to total composition except hydrogen, of 83 % 
by atomic diamond-like carbon, accompanied by silicon but free from chlorine. The hydrogen content of the 
coated material was obtained by combustion method to give approximately 40 % by atomic of hydrogen. 
The coating layer was also identified by laser Raman spectroscopy, and the Raman spectrum thus obtained 
is given in Fig. 5. which is marked with "4". Then, in the same manner as above, the coating layer was 
subjected to performance evaluation tests, which results are shown in Table 3. 

COMPARATIVE EXAMPLE 8 

An amorphous thin film prepared in the same manner as in Example 4 was heated at 600 ' C for 1 hour 
under a vacuum of 1 x 10~ 6 Torr, to thereby obtain a comparative thin film devoid of hydrogen (specimen 
C8). On this comparative specimen were conducted performance evaluation tests in the same manner as in 
Example 1. In Fig. 5 is given the laser Raman spectrum of the sample, marked with W C8". and in Table 3 
are given results obtained in the performance evaluation tests. 

Table 3 Test Results of the Specimens No. 4 and C8 



25 


Specimen 
No. 


Layer 
Thickness (urn) 


Hardness 
(Hv) 


Friction 
Coefficient 


Wear depth 
(iiia) 


30 


i 4 


2 


2400 


0.04 


0.3 




C8 


2 


2000 


0.11 


0.4 



35 



40 



From Fig. 5 it is clear that the carbon maintains a diamond-like carbon structure even after being 
heated, though is slightly altered by the release of hydrogen. But from Table 3 it can be seen that the 
friction' coefficient is increased to a high 0.11 by loss of hydrogen. Wear depth also is increased. This 
signifies that a silicon-containing diamond-like carbon structure alone can not lower the friction coefficient to 
0.05 or lower, and that the hydrogen contained in the structure plays an important role in achieving a low 
friction coefficient. 



EXAMPLE S 

45 On a high speed steel material were successively formed an iron carbon compound coating layer and a 
thin film surface layer of amorphous carbon-hydrogen-silicon. by plasma-assisted carburization and plasma- 
assisted CVD, respectively. The set up of the apparatus used for plasma-assisted CVD is shown in Fig. 1. 

First, five' disk specimens [13] of a high speed steel (JIS SKH 51, denoted specimen No. 5) each 20 
mm in outer diameter and 10 mm in thickness, were mounted on a table [12] provided at the center of a 
so plasma reaction chamber [11] made of a stainless steel. The specimens were arranged in such a way that 
each were placed in a 60-mm distance from the center of the table [12]. Inside the support [14] of the table 
[12] is installed a pipe (not shown in the figure) through which a cooling water is passed. 

Then, after air-tight sealing the plasma reaction chamber [11], the inside thereof was evacuated through 
a gas exhaust pipe [15] connected to the vacuum pump, by operating a rotary pump (not shown in the 
55 figure) and an oil diffusion pump (not shown in the figure) provided to the vacuum pump, to thereby reduce 
the remaining gas pressure to 1 x 10-* Torr. The gas inlet is connected with a pipe [16] to gas bombs (not 
shown in the figure) via control valves (not shown in the figure). 

After reducing the inner pressure of the reaction chamber to 1 x 10" 4 Torr, hydrogen gas was 
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introduced therein as the heating gas, and the pressure inside the reaction chamber [11] was controlled by 
simultaneous evacuation to maintain the pressure to 1 Torr. At this point was the dc discharge ignited to 
initiate ion-bombardment by applying a dc voltage of about 500 to 600 V between a stainless steel made 
anode plate [17] installed inside the reaction chamber [11] and a cathode (the table) [12], to thereby elevate 
the surface of the specimens to 550 ° C. The dc power supply circuit in this process controls the 
temperature of the specimens to maintain a constant value. This circuit is composed of the anode [17] and 
the cathode [12], which is power-controlled by the input from the two-color pyrometer (not shown in the 

figure). . . 

Into the reaction chamber were then introduced methane gas (ChU) as the carbunzing gas, together 
with hydrogen gas (H 2 ) and argon gas (Ar) at the flow rate of 50, 750, and 500 mi/minute, respectively, so 
as to realize therein a specially prepared atmosphere for thin film deposition 4 Tbrr in total pressure. Under 
such atmosphere was the plasma-assisted carburization carried out by continuously applying dc discharge 
for 6 hours while maintaining the specimen temperature to 550 ° C. 

Then, while continuously applying the dc discharge, 3 ml/minute flow of silicon tetrachloride (SiCU) 
was introduced provided that the total pressure was maintained at 4 Tony to thereby realize a specially 
prepared atmosphere. Under such a controlled atmosphere, the dc discharge was continuously applied 
while maintaining the temperature at 550 " C, to effect the chemical vapor deposition. 

Upon completion of the chemical vapor deposition, the discharge was turned off, and the specimens 
after cooling under a reduced pressure (about 10~ 3 Torr) were taken out from the reaction chamber [11] to 
find black colored layers formed on the surface thereof. 

Then, a cold-processed die steel (JIS SKD 11; denoted specimen No. 6) was used for the specimen, 
which was subjected to the same plasma-assisted carburization and plasma-assisted CVD as above, except 
for introducing 5 mi/minute of trichtorosiiicon (SiHCl 3 ) as the gaseous silicon compound and 40 m£/minute 
of acetylene (C 2 H 2 ) gas as the gaseous carbon compound, while controlling both the carburization and 
deposition temperatures to 500 ' C and taking the deposition duration for 0.5 hours. A black-colored surface 
coating layer was obtained on the specimen as a result. 

The black-colored layer of the specimens was then subjected to X-ray diffraction (XRD) for phase 
identification. No diffraction peaks other than those assigned to the initial specimen were observed in the X- 
ray pattern, and therefore the black-colored layer was identified to be an amorphous phase. EPMA yielded, 
with respect to the total composition exclusive of hydrogen, a carbon content of 79 % by atomic (specimen 
5) and 72 % by atomic (specimen 6), with the rest being mainly silicon accompanied by a trace amount of 
chlorine and the like for both specimens. Laser Raman spectra show that diamond-like carbon phases are 
obtained for both specimens, from the characteristic spectrum having a broad Raman band at around 1550 
cm" 1 accompanied by a shoulder band at around 1400 cm' 1 . Accordingly, the carbon in the coating layer 
is identified to be mainly present as a diamond-like carbon. Furthermore, elemental analysis of the 
specimens was conducted along the depth direction using Auger Electron Spectroscopy (AES), to observe 
formation of an interlayer 0.2 *m in thickness, composed of an iron-containing carbon compound. 

Then, the coating layer was measured for thickness, hardness, and was further subjected to a friction- 
wear test. The layer thickness was obtained according to a method which comprises observing the cross 
section of the specimen under an optical microscope, and the surface hardness was measured using a 
micro-Vicker's hardness tester under a load of 10 gf. The friction-wear test was conducted according to a 
conventional ball-on-disk testing method, wherein' a ball made of a JIS SUJ 2 quench-and-temper material 6 
mm in diameter having a hardness, Hv, of about 800 was slid against the test specimen at a sliding velocity 
of 0.2 m/s for 50 minutes, under a load of 640 gf. The results are given in Table 4. 

A plasma-assisted carburization process and a plasma-assisted CVD process were carried out in the 
same manner as in the Example above, except for changing the flow rate of the CH* gas to 20 mi/minute 
to obtain specimens C9. A brown-colored surface layer was obtained as a result on the specimen C9. The 
brown-colored layer was subjected to phase identification by XRD, then to EPMA, and laser Raman 
spectroscopy to confirm formation of a surface layer containing amorphous silicon carbide as the main 
constituent, which comprises, with respect to total composition exclusive of hydrogen, of 55 % by atomic of 
carbon. Then, in the same manner as above, the coating layer was measured for thickness, hardness, and 
was further subjected to a friction-wear test. The results are given in Table 4. 

Further as Comparative Examples were prepared a diamond-like carbon coating by ion-plating 
(specimen C10); a titanium nitride coating by plasma-assisted CVD (specimen C11); and a non-treated 
specimen (specimen C12). Then, in the same manner as above, the coating layer was measured for 
thickness, hardness, and subjected to a friction-wear test. The results are given together in Table 4. 
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Table 4 Test Results for the Specimens 



5 


Specimen 


Layer 


Hardness 


Friction 


Wear loss* 




No. 


Thicknes s ( ) 


(Hv) 


Coefficient 




TO 


5 


2 


2500 


0.04 


3.1X10" 10 




6 


2.5 


2000 


0.05 


4.0xlO- 10 


75 . 


C9 


2 


2500 


0.12 


9.5xlO" 10 




CIO 


3 


5000 


0.15 


1 . 6x10-' 


20 


Cll 


2 


2000 


0.58 


7 . OxlO" 8 




C12 




800 


0.92 


l.SxlO- 7 



25 



Note: * Wear loss of -the counter material, in (mmVkgf •mm) . 

oo From Table 4 it can be seen that the specimens 5 and 6 obtained in the Example according to the 
present invention comprise hard thin film coatings having an Hv in the range of from 2,000 to 2,500, well 
comparable to those of commonly used hard carbides and nitride. Moreover, extremely low friction 
coefficients in the range of from 0.04 to 0.05 are obtained on the specimens, yielding very small wear loss 
on the counter material. In the comparative specimen C9, on the other hand, it can be seen that despite the 

35 hardness well comparable to those of the specimens of the invention, the coating is low in carbon content 
and thereby the friction coefficient is increased, and causes much damage (wear loss) on the counter 
material. In comparative specimen C10 having a diamond-like carbon coating, a high hardness, Hv, of 5,000 
is obtained, however, the friction coefficient is also as high as 0.15 and the wear loss of the counter material 
is an order of magnitude higher than those of the specimens according to the present invention. The 

40 titanium carbide coating of comparative specimen C1 1 gives a lower friction coefficient and wear loss of the 
counter material as compared with those of a non-treated specimen (C12). But this friction coefficient is 
about 15 times as high as those of the specimens according to the present invention. Furthermore, the wear 
loss of the counter material is extremely high, as high as about 230 times those of the aforementioned 
specimens 5 and 6. 

45 It can be seen from the results above that the surface coating layer obtained in the examples according 
to the present invention provide a considerably improved wear resistance as compared with that of the 
coating materials presently employed in the art. 

EXAMPLE 6 

50 

The same plasma-assisted processes as in Example 5 to obtain specimen 5 were carried out, except 
for changing the conditions as given in Table 5. A black-colored surface layer was obtained on the 
specimens (denoted specimen No. 7 and 8) as a result. The black-colored layer was subjected to phase 
identification by XRD as in Example 5. to observe no other XRD peaks other than those assigned to the 
55 initial specimen, and therefore the black-colored layer was identified to be an amorphous phase. EPMA 
gave, with respect to total composition exclusive of hydrogen, 78 % by atomic of carbon for specimen 7 
and 72 % by atomic of carbon for specimen 8. The amorphous carbon phase was also identified by laser 
Raman spectroscopy, to reveal that it is mainly composed of a diamond-like carbon. Then, in the same 
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manner as in Example 5, the coating layer was measured for thickness, hardness, and subjected to a 
friction-wear test. The results are given together in Table 6. 

For comparison, a plasma-assisted CVD process was carried out in the same manner as above, except 
for incorporating an interlayer of a metal-carbon compound layer. As a result, a specimen coated with a 

5 black-colored layer was obtained (specimen G13). This black-colored layer was subjected to phase 
identification by XRD, and was further subjected to EPMA and laser Raman spectroscopy, to confirm 
formation of a thin film coating of a hydrogen-containing thin film layer similar to those formed on 
specimens 7 and 8, which contains, with respect to total composition exclusive of hydrogen, 78 % by 
atomic of carbon. The layer thickness and surface hardness were measured in the same manner as above, 

70 and friction-wear test was conducted also in the same manner as above, except for changing the applied 
load to 4600 gf . The results are given together in Table 6. 
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Table 5 Process conditions 



Specimen 
No. 


Interlayer/ 
thickness ( \un) 


SicJU flow 

rate 

(rax /nun ) 


CH« flow rate 
(mi/min) 


Duration 
( hours ) 


7 


Fe-contg . C-cpd . 
0.2 


5 


80 


1 


8 


V-carbide 
1.0 


7 


100 


1 


C13 


none 


5 


80 





Table 6 Test Results for the Specimens 



Specimen 
No. 


Layer 
Thickness ( pm ) 


Hardness 
(Hv) 


Friction 
Coefficient 


Wear loss* 


7 


3 


2500 


0.04 


3 . 5xl0- l ° 


8 


4 


2300 


0.05 


3 . 7xl0' 10 


C13- 


3 


2500 


0.85* 


l.OxlO' 7 



Notes * Initial value was 0-04, but peeled off several minutes 
after the beginning of the test. 

* Wear loss of the counter material, in (xnmVkgf -mm) . 

From Table 6 it can be seen that the specimens 7 and 8 according to the present invention comprise 
hard thin film coatings having an Hv in the range of from 2.300 to 2,500. well comparable to those of 
commonly used hard carbides and nitrides. Moreover, extremely low friction coefficients in the range of 
from 0.04 to 0.05 are obtained on the specimens, yielding very small wear loss on the counter material. In 
the comparative specimen C13. on the other hand, it can be seen that the coating layer suffer low adhesion 
strength not capable to withstand the friction applied under high load, and therefore resulting in falling off 
from the base after short time. Thus, the low initial friction coefficient of this specimen well comparable to 
those of specimens 7 and 8. abruptly increased with the generation of the spalling of the coating layer and 
as a result caused much wear loss on the counter material . 

While the invention has been described in detail and with reference to specific embodiments thereof, it 
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will be apparent to one skilled in the art that various changes and modifications can be made therein without 
departing from the spirit thereof. 

Claims 

1 A hard and lubricant thin film of amorphous carbon-hydrogen-silicon, which comprises carbon and 
' hydrogen as major components, the balance mainly comprising a silicon-based material, wherein the 
content of said hydrogen is from 30 to 50 % by atomic and the content of said carbon is 70 A by 
atomic or more with respect to the total composition except said hydrogen, and the th.n film contains 
diamond-like carbon. 

2. The hard thin film according to Claim 1. wherein said thin film comprises from 75 to 90 % by atomic of 
carbon with respect to the total composition except said hydrogen. 

3 The hard thin film according to Claim 1 or 2. wherein said diamond-like carbon is a substance yielding 
a broad band at around 1550 cm"' and a shoulder band at around 1400 cm"' when detected by laser 
Raman spectroscopy. 

• 

4. The hard thin film according to any of Claims 1 to 3. wherein said thin film is from 0.5 „m to 10 ,m in 
thickness. 

5. A process for producing a hard and lubricant thin film of amorphous carbon-hydrogen-silicon, which 
comprises: 

placing an object to be coated in a plasma reaction chamber; 

evacuating a remaining gas from the reaction chamber; r . n ^ f4 
introducing a heating gas into the reaction chamber and heating the surface of the object to be coated 
to a predetermined temperature at which vapor deposition is to be effected; and 

uniformly forming a thin film of amorphous carbon-hydrogen-silicon on the object to be coated, by 
controlling the atmosphere of the reaction chamber to a gas atmosphere for deposition, ejecting to the 
reaction chamber a reactive gas mixture comprising a gaseous silicon compound and a gaseous 
carbon compound in a ratio of flow rate of from 1 :5 to 1 :50. and causing discharge therein. 

6. An iron-based metallic material having on the surface thereof a hard and low-friction layer, which 
comprises: 

a substrate of iron or an iron alloy material; 

a metal-carbon compound layer formed on the surface of the substrate: and 

a hard thin film of amorphous carbon-hydrogen-silicon formed on the metal-carbon compound layer, 
said thin film comprising from 30 to 50 % by atomic of hydrogen, and the rest compnsing 70 A by 
atomic or more of carbon and the balance mainly comprising a silicon-based material, and containing 
diamond-like carbon. 

7. The iron-based matallic material according to Claim 6. wherein said metal-carbon compound contains 
at least one metal selected from the group consisting of iron (Fe). vanadium (V). titanium (Ti). 
chromium (Cr). niobium (Nb). tungsten (W). molybdenum (Mo), and tantalum (Ta). 

8. The iron-based metallic material according to Claim 6 or 7. wherein said metal-carbon compound layer 
is from 0.1 miti to 10 /im in thickness. 

9. A process for producing an iron-based metallic material having on the surface thereof a hard and low- 
friction layer, which comprises: 

coating an object made of an iron material or an iron alloy material with a metal-carbon compound 

SXigby applying discharge to a specially prepared gas atomosphere comprising a mixture of a 
gaseous silicon compound and a gaseous carbon compound, by plasma-assisted CVD. 
thereby forming a hard and lubricant thin film of amorphous carbon-hydrogen-silicon. 

10. The process according to Claim 9. wherein said metal-containing carbon compound layer is an iron- 
carbon compound layer formed by low-temperature plasma process in an atmosphere containing a 
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gaseous carbon compound. 
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